We perform a fully relativistic calculation of the 2 H(e, e ′ p)n reaction in the impulse approximation employing the Gross equation to describe the deuteron ground state, and we use the SAID parametrization of the full NN scattering amplitude to describe the final state interactions (FSIs).
I. INTRODUCTION
There are many interesting questions to be answered in investigating exclusive electron scattering from the deuteron: what does the nuclear ground state look like at short distances, are there any six-quark contributions to the wave function, when does a description in terms of hadronic degrees of freedom break down? In order to answer any of these questions, a precise understanding of the reaction mechanism is mandatory. Final state interactions are the most relevant component of the reaction mechanism at GeV energies, but meson exchange currents and isobar states will also contribute. The fact that the deuteron is the simplest nucleus enables us to study all facets of the reaction mechanism in great detail.
Anything that can be gleaned from the deuteron will be highly useful for heavier nuclei.
Exclusive electron scattering from nuclei is one type of reaction where one may observe color transparency [1] , and the deuteron itself provides a laboratory for the study of neutrons, e.g. the neutron magnetic form factor [2] . The short range structures studied in exclusive electron scattering might even reveal information about the properties of neutron stars [3] .
For some recent reviews of exclusive electron scattering, see e.g. [4, 5, 6] .
Recently [7] , we performed a fully relativistic calculation of the D(e, e ′ p)n reaction, using a relativistic wave function [8] and NN scattering data [9] for our calculation of the full, spin-dependent final state interactions (FSIs). The main difference to many other high quality calculations using the generalized eikonal approximation [10, 11, 12] or a diagrammatic approach [13] is the inclusion of all the spin-dependent pieces in the nucleon-nucleon amplitude. Full FSIs have recently been included in [14] . Several experiments with unpolarized deuterons are currently under analysis or have been published recently, [2, 15, 16, 17, 18] .
There are also new proposals for D(e,e'p) experiments at Jefferson Lab [19] .
In [7] , we focused on observables that are accessible for an unpolarized target and an unpolarized nucleon detected in the final state. The spin-dependent pieces in our FSI calculation were particularly relevant for the fifth response function, an observable that can be measured only with polarized electron beams. Naturally, experiments with polarization of the target or ejectile are harder to perform than their unpolarized counterparts. However, the extra effort allows one to study otherwise inaccessible observables that are rather sensitive to certain properties of the nuclear ground state and the reaction mechanism. In this paper, we investigate the asymmetries that can be measured with a polarized deuteron target.
These observables are of particular interest to us as we have a precise, fully spin-dependent description of the final state interactions. As before, the focus of our numerical calculations is the kinematic region accessible at GeV energies, i.e. the kinematic range of Jefferson Lab.
Currently, some deuteron target polarization data that were taken in Jefferson Lab's Hall B are being analyzed [20] . At lower energies, measurements of the beam-vector asymmetry A V ed have been performed at NIKHEF [21] and at MIT Bates [17, 22] . A formalism was developed within a non-relativistic framework, and calculations of various asymmetries at lower energies were performed in [23] . The tensor asymmetry has been discussed at higher energies within a Glauber theory approach, with just a central FSI, in [24] .
The paper is organized as follows: first, we establish the general formalism necessary to calculate response functions for polarized targets, and we discuss how to perform these calculations in two different coordinate systems. Then, we continue with the calculation of asymmetries, and with the issues presented in using the experimental convention of measuring polarizations along the electron beam direction versus the theoretical choice of polarization axis along the three-momentum transfer q. In the next section, we present our numerical results, in a kinematic region relevant to experiments at Jefferson Lab. We show both momentum distributions and angular distributions, and we discuss the contributions of the various spin-dependent parts of the final state interactions, as well as the influence of the ground state wave function. We conclude with a brief summary.
II. FORMALISM A. Differential Cross Section
The standard coordinate systems used to describe the D(e, e ′ p) reaction are shown in Fig.1 . The initial and final electron momenta k and k ′ define the electron scattering plane and the xyz-coordinate system is defined such that the z axis, the quantization axis, lies along the momentum of the virtual photon q with the x-axis in the electron scattering plane and the y-axis perpendicular to the plane. The momentum p of the outgoing proton is in general not in this plane and is located relative to the xyz system by the polar angle θ p and the azimuthal angle φ p . A second coordinate system x ′ y ′ z ′ is chosen such that the z ′ -axis is parallel to the z-axis and the x ′ -axis lies in the plane formed by p and q and the y ′ -axis is normal to this plane.
The general form of the D(e, e ′ p) cross section can be written in the lab frame as [26, 27] 
where M d , m p and m n are the masses of the deuteron, proton and neutron, p p = p 1 and Ω p are the momentum and solid angle of the ejected proton, ǫ ′ is the energy of the detected electron and Ω e is its solid angle, with h = ±1 for positive and negative electron helicity.
The Mott cross section is
and the recoil factor is given by
The leptonic coefficients v K are
and the set of tensor polarization coefficients is defined as
with U designating the contribution from unpolarized deuterons. The derivation of the density matrix and the conventions used are described in the Appendix.
The response functions in the xyz-frame are given by
Now we proceed to write down expressions for the responses in the
system. Calculating the responses in this system offers a faster alternative to the above calculation, which requires a new evaluation of the current matrix elements for each φ p value. The response functions defined above are implicitly dependent upon the angle φ p between the electron plane and the hadron plane containing the proton and neutron in the final state. This dependence can be made explicit by noting that
where the line over the matrix elements is used to indicate that they are quantized relative to the x ′ y ′ z ′ coordinate system. The hadronic tensor can then be written as
where
and
is the density matrix defined relative to the x ′ y ′ z ′ coordinate system.
Using eq. (17) and the definition of the responses in the xyz system, eq. (15), the response functions in the
where the reduced response functions for the two classes I and II are defined in terms of the hadronic tensors as
The τ -matrices are defined by (A20), (A28) and (A29). The type I and II response functions can be obtained directly by noting that the density matrix can be written as
Defining a set of projected hadronic tensors as
the type I and II response functions are then obtained by replacing the hadronic tensors on the right-hand side of the expressions in (21) with each appropriate projected hadronic tensor in turn. Note that the τ matrices satisfy
B. Symmetries of the Current Matrix Elements
The current matrix elements used here are defined in [7] . The matrix elements quantized in the hadron plane x ′ y ′ z ′ can be shown to satisfy the symmetry
by starting with
which relies on the fact that the nucleon momenta have, by construction, no y ′ component when quantized in the hadron plane.
Application of parity and time reversal to these matrix elements requires that
Combining this with (28) gives
In the plane-wave approximation there is no difference between the (−) and (+) boundary conditions. So in this approximation the current matrix elements are real.
C. Asymmetries
The simple form of (1) is due to the choice of quantization axis associated with the plane determined by the virtual photon momentum and the ejectile momentum. In practice, the polarization coefficients are determined relative to a coordinate system fixed in the laboratory with the axis of quantization along the electron beam momentum. This can be easily accommodated by rotating the density matrix. The relationship between the density matrix in the x ′ y ′ z ′ coordinate system and the system with the quantization axis z ′′ along the electron momentum k and with y ′′ parallel to y is
where the tilde denotes the density matrix for the x ′′ y ′′ z ′′ coordinate system and θ kq is the angle between the beam momentum k and the momentum transfer q. The polarization coefficients T JM can be found as functions of the T JM by using
The response functions for the x ′′ y ′′ z ′′ coordinate system can by found by using these in (21) .
The asymmetries that we will calculate here involve the case where T 10 is nonzero with all other polarization coefficients equal to zero, or where T 20 is nonzero with all other polarization coefficients equal to zero. In the first case,
while in the second case
A similar relation between the xyz and x ′′ y ′′ z ′′ coordinates systems is given by
Then,
The relations between the polarization coefficients can be obtained from (34) and (35) by setting φ p = 0 and making the replacements T JM → T JM .
The single and double asymmetries for these two polarizations are defined as
Here R i ( T 10 ) and R i ( T 20 ) denote the response functions where only T 10 is nonzero or only T 20 is nonzero. R i (U) denotes the unpolarized response functions.
Using the definitions of the asymmetries, the expressions for theT JM as a function of theT and the definitions of the response functions in the x ′ y ′ z ′ system, one obtains the following symmetry relations with respect to φ p :
III. RESULTS
All results are shown for a quantization axis along the beam direction, as measured in experiments, not along the direction of the three-momentum transfer.
Momentum Distributions
In Fig. 2 , we show the four asymmetries for a four-momentum transfer of Q 2 = 2 GeV In Fig. 3 , we show the four asymmetries for a four-momentum transfer of Q 2 = 2 GeV 2 and x = 1.3. These kinematics are away from the quasi-elastic peak, and we expect offshell contributions to the FSIs to be more relevant here. We have observed the increase in relative importance of the off-shell FSIs already for unpolarized observables in [7] . For the kinematics away from the quasi-elastic peak, for x = 1.3, the same type of φ p dependence and the same φ p symmetries are observed, and we therefore do not display a separate figure. The asymmetries reach much larger maximum values for x = 1.3, though. 
Angular Distributions
We now discuss our results for angular distributions. Note that for the FSI calculations, there is a limit to the kinematic region we can calculate for, as the proton-neutron scattering amplitude that we use is available only for pn energies up to 1.3 GeV, see [7] for details.
In equal to the ratio of helicity-dependent and helicity independent responses. This prevents the cancelations of helicity-independent expressions in numerator and denominator that is present in the tensor asymmetry A We show the asymmetries at a lower missing momentum value, p m = 0.2 GeV, as function of the angle in Fig.6 . Overall, it is clear that for the lower missing momentum value, p m = 0.2 GeV, the influence of FSIs is not that large. As before, the asymmetry A 
Contributions from individual parts of the NN scattering amplitude to the FSIs
In our calculation of the final state interactions, we use the full nucleon-nucleon scattering amplitude. There are several ways to decompose and parametrize the NN scattering amplitude. It can be parametrized with five terms: a central, spin-independent term, a spin-orbit term, and three double-spin flip contributions. It can also be given in terms of invariants, using a scalar, vector, tensor, pseudoscalar, and axial term. Some of these parametrizations may be more or less useful and enlightening in trying to understand what is happening. As we are interested in the effects of target polarization, investigating the effects of spin-dependent terms in the FSIs is a logical and interesting step. We separate the NN amplitudes into a central term, a single spin-flip (i.e. spin-orbit) term, and three double spin-flip terms. In a previous paper [7] dealing with unpolarized observables, we investigated the influence of the different invariant amplitudes of the NN amplitude parametrization by calculating the FSIs with only one of the invariant amplitudes. For the unpolarized case, we found that the role of interference is huge, and that there is no single dominant amplitude. For the asymmetries, we find that for small angles, the pseudoscalar amplitude seems to be very close to all asymmetries except for A In our calculation, due to the normalization of the ground state wave function, there are some issues with directly isolating the D-wave contribution. Just in order to give an impression of the influence of the D-wave contribution on the asymmetries we study here, we have simply switched off the D-wave contributions, without changing the normalizations. In our relativistic calculation, there is also a P-wave contribution present. We study its effect, too. In general, P-wave effects are expected to be very small. While the other asymmetries also show significant dependence on the D-wave, we will focus here for brevity on the effects of the D-wave and P-wave contributions on the tensor asymmetry A T d . As expected, the difference between the calculation with the full groundstate wave function (a) and the calculation without the D-wave (b) is large: a prominent dip is turned into a peak, and the maximum values reached change. In non-relativistic PWIA, this asymmetry would be zero without the D-wave, but with FSI -even just central FSIthe tensor asymmetry acquires a nonzero value, as the relative position of the neutron and the knocked-out proton matter for the strength of the FSI that is experienced.
Performing a calculation without the P-wave contribution (c) does not lead to any significant changes, the peak heights vary a little, but there are no qualitative changes. Panel (d) shows the results for just the S-wave part of the wave function. Here, the missing P-wave contribution -still present in the top right panel without the D-wave -leads to a somewhat different shape and an increased magnitude for the dip structure at lower φ p values. It is interesting to note that in PWIA, if we switch off the D-wave contribution, the tensor asymmetry is small but still non-zero due to the P-wave contributions.
IV. SUMMARY AND OUTLOOK
In this paper, we have presented a formalism for the calculation of responses and asymmetries for polarized deuteron targets. We have shown how to evaluate these observables in different reference frames, and for different polarization axes. Symmetries of the current matrix elements were pointed out, and together with the behavior under parity and time reversal transformations, exploited to show that two of the asymmetries we discuss, the target-spin asymmetry A V d and the tensor-beam asymmetry A T ed , vanish in PWIA. We performed a relativistic calculation of various asymmetries accessible with a polarized deuteron target. We have included a full FSI calculation, with on-shell and off-shell contributions, using experimental data on the pn scattering amplitude as input. Final state interactions are very relevant for all asymmetries in most kinematics. Two of the asymmetries vanish in PWIA, and are therefore more sensitive to FSI effects, even to the off-shell FSI contributions. An important result of our paper is that even in the region of the quasielastic ridge, x = 1, the influence of FSIs on the asymmetries is large, and a straightforward extraction of D-wave properties from measured data will not be possible. This is true even though the influence of the D-wave on the asymmetries is large, as commonly assumed. The influence of the P-waves, a purely relativistic phenomenon, is generally small, unless we consider situations where the D-wave is switched off.
One interesting and conspicuous feature of the asymmetries is the fact that the targetspin asymmetry A We have tested the sensitivity of our results to the different parts of the FSIs. As expected, spin-dependent FSIs are relevant, and depending on the kinematics and observable, even the double spin-flip terms are extremely important.
Our calculation has been performed in impulse approximation, i.e. assuming that the detected proton is the nucleon that interacted with the photon initially. Contributions from the Born term, where the photon interacts with the neutron, will in general be small for most observables in most kinematics, but they may contribute noticeably for larger missing momenta (p m > 0.6 GeV).
Next, we plan to perform calculations for an unpolarized deuteron target and a polarized ejected nucleon. 
